Pathologic complete response to neoadjuvant chemotherapy without trastuzumab in hormone receptornegative/HER2 þ tumors is seen in 27-45% of cases. In contrast, estrogen receptor (ER) þ /HER2 þ tumors demonstrate pathologic complete response in B8% of cases and is generally limited to weak-to-moderate ER þ /HER2 þ tumors. It is speculated that addition of trastuzumab to neoadjuvant chemotherapy regimen will increase the pathologic complete response rates in all HER2 þ tumors. A list of HER2 þ patients who received neoadjuvant chemotherapy (with trastuzumab) in the years 2007-2010 was obtained from our hospital database. The 104 HER2 þ tumors were classified into three groups based on semiquantitative hormone receptor and HER2 results as follows: ERBB2 (ER-/PR-[H-score r10]/HER2 þ ), Luminal B-HER2 Hybrid (LBHH; weak to moderate ER þ [H-score 11-199]/HER2 þ ), and Luminal A-HER2 Hybrid (LAHH; strong ER þ [H-score Z200]/ HER2 þ ). Pathologic complete response was defined as absence of invasive carcinoma in the resection specimen and in the lymph nodes. Percentage tumor volume reduction was also calculated based on pretherapy size and detailed evaluation of the resection specimen. In all, 52% (25 of 48 cases) of ERBB2 tumors showed pathologic complete response, which was significantly higher than the pathologic complete response rate in LBHH (33%; 10 of 30) and LAHH (8%; 2 of 26) tumors. Average percentage tumor volume reduction was also highest in ERBB2 tumors (86%), followed by LBHH (74%) and LAHH (64%) tumors. We conclude that addition of trastuzumab to neoadjuvant chemotherapy regimen significantly increases the pathologic complete response rates in all HER2 þ tumors. However, the benefit of trastuzumab is highest in ER-negative tumors and progressively decreases with increase in tumor ER expression. This information can be utilized to counsel patients considered for neoadjuvant chemotherapy and the same principle could be applied in the adjuvant setting.
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Preoperative or neoadjuvant chemotherapy is increasingly used in breast carcinoma since studies have shown no difference in survival benefits with respect to timing of chemotherapy (before or after surgery). [1] [2] [3] [4] Moreover, the benefits of neoadjuvant chemotherapy from surgical and investigational standpoint are manifold. A few years ago, neoadjuvant chemotherapy was used only in locally advanced breast cancers that were deemed inoperable. 5 More recently, it has been increasingly used for tumors that are resectable, but the intent is to reduce the tumor size by neoadjuvant chemotherapy and subsequently remove a smaller portion of breast tissue than would otherwise be removed at primary surgery. [6] [7] [8] Breast cancer is a heterogeneous disease at morphological, immunohistochemical and even at molecular level. Therefore, some breast carcinomas respond completely to neoadjuvant chemotherapy and others show minimal or no response. From a surgeon's perspective, it is important to know in advance if they will be able to convert a mastectomy to breast-conserving surgery at the time of initial evaluation.
Recent studies have shown that pathologic complete response is seen in significant proportion of estrogen receptor (ER)-negative tumors and is only rarely observed in ER-positive disease. [9] [10] [11] [12] In our previous study of 359 cases, pathologic complete response was observed in 33% of ERÀ/PRÀ/HER2 þ cases, 30% of triple-negative cases and in o10% of ER þ cases. Among the ER þ tumors, pathologic complete response was predominantly seen in tumors that co-expressed HER2 with low-to-moderate ER expression. 9 Although pathologic complete response was seen mainly in ER-negative tumors, tumor volume reduction was seen in most carcinomas and appeared to be inversely related to tumor ER expression (especially in HER2 þ tumors). In these previous studies, including our previous study, most patients were treated with chemotherapy regimens that did not include trastuzumab. 9, 11, 13 This is because trastuzumab has been only rarely used in neoadjuvant chemotherapy regimens before 2006, where its use was limited to clinical trials (MD Anderson trial, NOAH trial and GeparQuattro trial). [14] [15] [16] Recently, trastuzumab is increasingly used preoperatively in HER2 þ breast carcinoma, often as TCH regimen (Taxoteres, carboplatinum, Herceptins) or as AC followed by TH (ie, adriamycin, cyclophosphamide followed by taxane and herceptin) or in some other combination. 17, 18 Pathologic complete response to neoadjuvant chemotherapy without trastuzumab in hormone receptor-negative/HER2 þ tumors is seen in 27-45% of cases. 9, 10, 12 In contrast, ER þ /HER2 þ tumors demonstrate pathologic complete response in B8% of cases and is generally limited to weak-tomoderate ER þ /HER2 þ tumors. 9 It is speculated and also shown in recently concluded clinical trials that addition of trastuzumab to neoadjuvant chemotherapy regimen will increase the pathologic complete response rates in all HER2 þ tumors. [14] [15] [16] 19 However, even in these clinical trials the effect of trastuzumab on different subsets of HER2 þ tumors has not been addressed. The primary aim of this study was to analyze the rate of pathologic complete response in different types of HER2 þ tumors. We also objectively calculated residual tumor volume and studied percentage tumor volume reduction to trastuzumab-containing chemotherapy in different categories of HER2 þ tumors.
Materials and methods
A list of HER2 þ patients who received neoadjuvant chemotherapy in the years 2007-2010 was obtained from our hospital database. All patients received trastuzumab-containing chemotherapy most often as TCH regimen (taxotere, carboplatinum and herceptin). The 104 HER2 þ tumors were classified into three groups based on semiquantitative hormone receptor and HER2 results as follows: ERBB2 (hormone receptor-negative and HER2 þ ), Luminal B-HER2 Hybrid (LBHH; weak/moderate ER þ and HER2 þ ) and Luminal A-HER2 Hybrid (LAHH; strong ER þ and HER2 þ ). Examples of these three tumor types are shown in Figure 1 . Hormone receptor expression was categorized as negative, weak/moderate expression and strong expression based on semiquantitative modified H-score method, where the score ranges from 0 to 300. 20, 21 An H-score of Z200 was considered as strong expression, scores of 11-199 was considered as weak/ moderate expression and an H-score of r10 was considered a negative result. HER2 was examined either with immunohistochemistry or fluorescence in situ hybridization (FISH). HER2 immunohistochemical scores of 0 and 1 þ (ie, no staining or weak incomplete membranous staining in any proportion of tumor cells) were considered as negative. Immunohistochemical score of 3 þ (strong membranous reactivity in 430% of the tumor cells) was considered as positive. HER2 immunohistochemical 2 þ (weak-to-moderate circumferential membranous reactivity in at least 10% of the tumor cells and strong membranous reactivity in r30% of tumor cells) cases were considered as positive only when unequivocally amplified by FISH. An equivocal FISH result was considered as a negative result in this study. Ki-67 results were available only on 21 cases. The labeling index was determined by manually estimating the percentage of positive tumor cells. All invasive tumor cells were taken into account for estimating the Ki-67 labeling index. Immunohistochemical stains for ER (clone SP1; Ventana Medical Systems, Tucson, AZ, USA), PR (clone 1E2; Ventana), HER2 (clone 4B5; Ventana) and in recent cases Ki-67 (clone 30-9; Ventana) were performed at the time of initial diagnosis. All antibodies were received predilute and the pretreatment consisted of cell conditioning system 1 (CC1 from Ventana). The antigen-antibody complexes were detected using iVIEW/DAB detection kit on BenchMark XT (Ventana).
Pathologic complete response was defined as absence of invasive carcinoma in the resection specimen and in the lymph nodes. Percentage tumor size reduction was also calculated based on pretherapy size and detailed evaluation of the resection specimen. For the years 2007, 2008 and early part of 2009, the evaluation of tumor volume reduction was somewhat subjective, as a standard protocol was not universally followed. Nevertheless, the examination was thorough and the best estimate for tumor volume reduction was deduced by detailed examination of gross and microscopic description in the pathology reports. Moreover, tissue handling and fixation has already been standardized since 2007 at our institution. For the later half of 2009 and 2010 cases, a standard method for tumor size/volume reduction was followed. Specifically, the largest dimension of the gross tumor-bed/fibrotic area identified on gross examination was noted in the gross description of the pathology report. This area was either entirely submitted (if small, ie, r3 cm) or sampled extensively (if large, ie, 43 cm), with sections serially submitted at 0.5 cm interval along the largest dimension. The entire region was submitted regardless of the size if no tumor was detected on initial sections. The tumor cellularity of the resection specimen was compared with the pretherapy biopsy. Specifically, the pretherapy biopsy was screened for de novo sclerosis and necrosis. If these areas were present in pretherapy biopsy, then similar areas in post-therapy resection specimens were not counted toward therapy-related changes. After excluding these de novo changes, the resection specimen showing treatment-related fibrosis was compared with the cellularity of pretherapy biopsy and the residual cellularity of the tumor bed was estimated. The revised tumor size was calculated by multiplying the largest dimension of gross tumor-bed/fibrotic area with the tumor cellularity (compared with pretherapy biopsy) of the resection specimen. The percentage tumor size/volume reduction was calculated by subtracting revised tumor size from pretherapy size, divided by pretherapy size times 100 (see Table 1 ). Although this method may also be used for determining response within the lymph nodes, it was not used in this study as it requires pretherapy size and core biopsy of the lymph node, which was not available on all cases. Only presence or absence of tumor within lymph nodes was noted at post-therapy resection specimen to judge if pathologic response was complete or incomplete. Although immeasurable, if residual tumor was identified only in vascular spaces, it was considered as incomplete pathologic response. However, this is an extremely rare phenomenon and if thorough examination of the breast is performed, generally an intraparenchymal component is also identified. In few cases of inflammatory carcinoma where pretherapy size was not available, the size of tumor-bed/fibrotic area on gross exam was used to estimate the pretherapy size. All data were extracted from the pathology reports and no slides were reviewed for this study. Although no slides were reviewed for this study, all core biopsies and post-therapy resection specimens were analyzed by 13 breast pathologists with a median experience of 45 years in the field. The pretherapy tumor nuclear grade was also available from core biopsy reports. Pathologic complete response with respect to tumor nuclear grade was also analyzed.
Statistical analysis was performed using SPSS software version 16.0. For comparison of means, independent sample t-tests were performed. Univariate analysis was performed using w 2 and Fisher's exact tests to compare the differences in percentages between groups. A P-value of o0.05 was considered as significant.
Results
Of the total 104 cases, 48 (46%) were classified as ERBB2, 30 (29%) as LBHH and 26 (25%) as LAHH. The patients in ERBB2 group were slightly older (median age 54) than in the LAHH (median age 48) and LBHH group (median age 48). The mean (median) pretherapy tumor size for ERBB2, LBHH and LAHH tumors were 4.1 cm (3.2 cm), 3.8 cm (3.5 cm) and 3.9 (2.8 cm), respectively. Tumors with nuclear grade 3 constituted 71% (34 of 48) of ERBB2 tumors, 53% (16 of 30) of LBHH tumors and 58% (15 of 26) of LAHH tumors. In all, 20 cases (19%) showed immunohistochemical 2 þ expression for HER2 with unequivocal gene amplification. These cases were identified within all three categories: 5 belonged to ERBB2, 11 belonged to LBHH and 4 belonged to LAHH group. Of these 20 tumors, 3 showed pathologic complete response (2 within ERBB2 group and 1 within LBHH group).
Pathologic complete response in different types of HER2 þ tumors is shown in Table 2 . The difference in pathologic complete response rates among three categories was statistically significant (P-value: 0.001). Univariate analysis for other available variables in predicting pathologic complete response showed that age, pretherapy tumor size and nuclear grade were not significant (P-values of 0.718, 0.307 and 0.549, respectively). Ki-67 labeling index was available in only 21 cases; however, it was not significant (P-value of 0.307) in predicting pathologic complete response. In contrast, the differences in ER and PR H-scores were predictive of pathologic complete response (P-values of 0.001 and 0.002, respectively). The tumors that achieved pathologic complete response showed a mean ER and PR H-scores of 47 and 13, respectively, versus an ER and PR H-scores of 122 and 64, respectively, in tumors that failed to achieve pathologic complete response.
The average percentage tumor volume reduction was significantly higher in ERBB2 tumors (P-value: 0.001). The percentage of tumors with Z50% tumor volume reduction was highest in ERBB2 tumors, followed by LBHH and LAHH tumors ( Table 3 ). The ER and PR H-scores were similarly significant in predicting percentage tumor volume reduction (P-values of 0.001 and 0.003, respectively). Univariate analysis for other variables with respect to percentage volume reduction showed that age, pretherapy tumor size and nuclear grade were not significant (P-values of 0.789, 0.342 and 0.230, respectively).
As only hormone receptor semiquantitative scores were significant on univariate analysis and they were the basis of tumor categorization, multivariate analysis was not feasible. We also analyzed the data for any differences between tumors from the period before and after standardization of assessment of tumor volume reduction. There were 81 cases (78%) that were examined in a non-standard fashion and 23 cases (22%) subjected to standard protocol as described in the Materials and methods section. These two groups of tumors failed to show any statistical difference with respect to any variable, suggesting thoroughness of pathologic examination before institution of standardized protocol.
Discussion
Neoadjuvant or preoperative chemotherapy in operable breast cancer is increasingly used despite some disadvantages. The specific disadvantages are loss of prognostic information in node-negative tumors treated with preoperative chemotherapy, lack of reliability of negative margins in tumors that show assymetric reductions, potential for overtreating patients with clinically sizable tumors that are composed predominantly of noninvasive disease, the patient anxiety associated with leaving a resistant tumor in the patient while they are on neoadjuvant chemotherapy and loss of untreated primary tumors for other research purposes. Although the above arguments seem significant, there are several equally significant arguments in favor of neoadjuvant chemotherapy. Neoadjuvant chemotherapy provides an opportunity to examine the in vivo tumor responsiveness to particular chemotherapy regimen. Recent data in breast cancer also show that patient survival is not affected by timing of chemotherapy. Moreover, at least some degree of tumor volume reduction is achieved in a majority of breast cancer cases. Therefore, many patients for whom a mastectomy is initially proposed can be later changed to breast-conserving surgery after neoadjuvant chemotherapy. Last, but not the least, chemotherapy could be started for patients who are waiting for surgery because of pending gene testing results or other reasons.
Because of these reasons, neoadjuvant chemotherapy is increasingly used in breast cancer. However, the therapeutic regimens used are quite variable but most patients receive adriamycin-and/or taxanebased chemotherapy. In the last 5 years, trastuzumab is increasingly used in the neoadjuvant regimens for HER2 þ tumors. Although the effectiveness of trastuzumab in HER2 þ tumors is well established in the adjuvant setting, there is still paucity of studies analyzing response in the neoadjuvant setting.
The molecular studies using gene expression analysis have classified breast cancers into at least four distinct categories: Luminal A, Luminal B, ERBB2 (or HER2 enriched) and basal like. [22] [23] [24] Further gene expression studies showed that these tumor classes respond differently to neoadjuvant chemotherapy. 12 Immunohistochemical studies using surrogate markers for molecular classes showed similar results. Our previous study of 359 cases treated with neoadjuvant chemotherapy with only a handful of HER2 þ patients receiving trastuzumab suggested that the extent of ER reactivity by immunohistochemistry could influence tumor response to trastuzumab. 9 In order to test our preliminary findings, we expanded our analysis in this study to 4100 HER2 þ tumors treated with trastuzumab and also divided the tumors into three categories based on the extent of ER expression. Based on data from metastatic breast cancer studies, most HER2 þ tumors are treated in a standard fashion at our institution with TCH chemotherapy since 2006 in the neoadjuvant setting. 25 Therefore, there was negligible variability in chemotherapy regimen in the cases used in this study.
Our study clearly demonstrates that addition of trastuzumab to neoadjuvant chemotherapy regimen increases the rate of pathologic complete response by B10-20% in all varieties of HER2 þ tumors. In our previous study, where most HER2 þ tumors were treated with chemotherapy regimen that excluded trastuzumab, the pathologic complete response rates in ERBB2, LBHH and LAHH tumors were 33, 8 and 0%, respectively. In contrast, in this study, where all tumors were treated with trastuzumab-containing chemotherapy, the pathologic complete response rates in ERBB2, LBHH and LAHH tumors were 52, 33 and 11%, respectively. In comparison with one somewhat similar study of HER2 þ tumors treated without trastuzumab, 13 the pathologic complete response rate in ERBB2 tumors in this study appears to be slightly lower. However, it should be noted that most cases in our study underwent a very thorough gross and microscopic examination, and presence of even a single viable invasive tumor cell in the breast or the lymph node was considered as incomplete response. Although the pathologic complete response in ERBB2 tumors was 52%, the mean and median percentage primary tumor volume reduction in ERBB2 tumor group was 86 and 100%, respectively. In addition to pathologic complete response, we also analyzed tumor volume reduction in all tumors, where we utilized a very standard and practical approach in estimating tumor volume reduction. We believe the method reported in this study is at least as objective, if not more, compared with other methods, [26] [27] [28] and yet quite simple compared with MD Anderson method 29 of estimating tumor volume reduction. This method made it possible to compare the differences between different tumor categories with confidence. Similar to pathologic complete response, maximum percentage tumor volume reduction was identified in ERBB2 tumors, followed by LBHH tumors and least in LAHH tumors. In addition to estimating absolute percentage tumor volume reduction for each case, we also analyzed the percentage of tumors in each group showing Z50% tumor volume reduction. This information is very important from a surgeon's viewpoint in order to counsel patients about the likelihood of a breastconserving surgery after chemotherapy. Our results suggest that Z50% tumor volume reduction can be expected in a majority of the HER2 þ cases, with highest in ERBB2 and lowest in LAHH tumors. These findings clearly demonstrate that response to trastuzumab-containing chemotherapy in HER2 þ tumors is inversely related to amount of ER expression.
It is well known that hormonal therapy in HER2 þ tumors is not very effective, but the relative resistance to trastuzumab therapy in ER þ /HER2 þ tumors is under-recognized. Several studies have suggested that ER and HER2 cross-talk is responsible for this resistance when these tumors are treated with hormonal therapy alone. 30, 31 Recently, it has been shown that a combination of trastuzumab and hormonal therapy is superior than hormonal therapy alone. [32] [33] [34] However, the question of relative resistance to trastuzumab therapy in ER þ /HER2 þ tumors still remains. Whether this is because of ER and HER2 cross-talk only or other growth factor receptors are also involved is a subject of active investigation. The involvement of other growth factors and their receptors may provide another target for these unique tumors. Some recent studies have shown significant synergy between ER and insulin growth factor (IGF) system that is demonstrable in both normal and malignant breast tissues. [35] [36] [37] The activated ER complexes bind to estrogen-responsive elements in the promoter regions of the target genes that include IGF-1R. In the presence of unaltered ER pathway, ER ligands can promote cell growth via IGF-1R. In a similar manner, growth factors (EGF and IGF) have been shown to activate ER by phosphorylating the receptor. It is known that IGF-1R primarily activates the MAPK and PI3/Akt pathways and both of these signal transduction pathways phosphorylate the serine residue in the AF1 domain of the ER. 38, 39 This synergy obviously is possible if both ER and IGF-1R are expressed by tumor cells. Interestingly, we have recently shown that IGF receptor 1 (IGF-1R) is expressed at a significantly higher level in all ER þ tumors (including ER þ /HER2 þ ) compared with ERÀ/HER2 þ tumors (Appl Immunohistochem Mol Morphol; in press). 40 Similar findings were reported by Harris et al. 41 If these findings are also supported by additional studies, IGF-1R may be another molecule that could be targeted with available antibodies [42] [43] [44] [45] in these difficult-to-treat ER þ /HER2 þ tumors, despite the presence of two well-known targets.
In summary, we have clearly shown that addition of trastuzumab to neoadjuvant chemotherapy regimen significantly increases the pathologic complete response rates in all HER2 þ tumors. However, the benefit of trastuzumab is highest in ER-negative tumors and progressively decreases with increase in tumor ER expression. This information can be utilized to counsel patients considered for neoadjuvant chemotherapy and the same principle could be applied in the adjuvant setting. Generally, patients who achieve pathologic complete response have excellent prognosis compared with the ones that fail to achieve pathologic complete response. Whether addition of trastuzumab in neoadjuvant chemotherapy regimen would have the same effect will be analyzed in the years to come.
